In 1966, IRRI released IR8, the first high-yielding modern rice cultivar for the irrigated tropical lowlands. Since the release of IR8 in 1966, 42 additional indica rice (Oryza Since then, the primary emphasis of rice improvement sativa L.) cultivars developed by the International Rice Research Institute (IRRI) for the irrigated and favorable rainfed lowlands have has been directed towards incorporation of disease and been released in the Philippines. The maximum yield of IR8 has been insect resistance, shortening of growth duration, and reduced by about 2 Mg ha Ϫ1 during the past 30 yr. Empirical breeding improving grain quality (Khush, 1990). As a result, 42 for population improvement within the indica germplasm has resulted indica inbred cultivars have been released for the irriin the maintenance of rice yield potential in the tropics of about 10 gated and favorable rainfed lowland rice systems in the Mg ha Ϫ1 . To break the yield barrier, several approaches are being Philippines. In the late 1960s and early 1970s, yield of explored. These include development of a new plant type (NPT) 9 to 10 Mg ha Ϫ1 was often reported for IR8 and other with low tillering capacity and large panicles from tropical japonica early IRRI cultivars under favorable irrigated condigermplasm and exploitation of heterosis through intervarietal and tions in the Philippines (De Datta et al., 1968; Chandler, intersubspecific hybrids. Hybrid rice between indicas increased yield 1969; Yoshida and Parao, 1972). The yield potential of potential by about 9% under the tropical conditions. The higher yield potential of indica/indica hybrids compared with indica inbred culti-current high-yielding inbred rice cultivars grown with vars was attributed to the greater biomass production rather than irrigation in the tropical lowlands is 10 Mg ha Ϫ1 . Thereharvest index. New plant type breeding has not yet improved yield fore, rice yield potential has remained almost constant potential due to poor grain filling and low biomass production. Factors in the tropical environments. The theoretical potential that cause poor grain filling and low biomass production of the NPT yield has been estimated at 15.9 Mg ha Ϫ1 in these envilines have been identified. Selecting parents with good grain filling ronments based on the total amount of incident solar traits, introduction of indica genes into NPT's tropical japonica backradiation during the growing season (Yoshida, 1981). ground, and a refinement of the original NPT design are expected to On the basis of this estimate, there appears to be a large improve the performance of the NPT lines. Further enhancement in gap between the yield potential of the best available yield potential may be possible from use of intersubspecific heterosis rice cultivars and the maximum theoretical yield. At between indica and NPT lines.
G lobal rice production must reach 800 Tg of paddy higher rice yield potential continued. Ku et al. (1999) rice to meet projected demand in 2025, which is explored the possibility of converting rice's C 3 photosyn-266 Tg more than rice production in 1995 (Table 1) . thetic pathway into the C 4 pathway by introducing the This additional rice must come mainly from irrigated maize (Zea mays L.) phosphenolpyruvate carboxylase land in Asia because improving rice yields in most (PEPC) gene into rice. Zhang et al. (1996) introduced rainfed regions is constrained by drought, flooding, and a gene from Escherichia coli encoding for ADP-glucose poor soil quality (Cassman, 1999) . Moreover, the scope pyrophosphorylase (AGP) enzyme into rice with the for expansion of irrigated rice area is limited. In fact, goal of increasing starch biosynthesis during seed develcultivated rice area is decreasing in many Asian counopment. There is preliminary evidence that quantitative tries as a result of urbanization and industrialization. trait loci (QTL) alleles from a wild rice Oryza rufipogon Therefore, the average yield of Asia's irrigated rice land
Griffith when introduced to cultivated rice, may increase must increase from 5.0 to 8.5 Mg ha Ϫ1 in the 30-yr period the yield potential by as much as 20% (Xiao et al., 1998) . from 1995 to 2025. A mean yield of 8.5 Mg ha Ϫ1 is very Setter et al. (1995) proposed to reduce panicle height in close to the estimated climate-adjusted yield potential the canopy to increase canopy light interception, canopy of present rice cultivars in the major rice-growing areas photosynthesis and grain yield. In the past 10 yr, IRRI (Matthews et al., 1995) . Rice cultivars with higher yield scientists initiated two new approaches to increase yield potential must be developed to maintain an exploitable potential: (i) the development of a new plant type (NPT) gap between yield potential and average farm yields. from tropical japonica germplasm, and (ii) development of indica hybrid rice for the tropical environments. The purpose of this paper is to evaluate the yield potential trends of indica inbred cultivars since the release of IR8, S. Peng previous releases. This approach has been the basis of indica cultivar development at IRRI. To date, 44 indica cooperative tests. These cultivars and lines were grown inbred cultivars from IRRI, including IR5 and IR8, have in two identical field experiments conducted in the 1996 been released in the Philippines for the irrigated and dry season (DS): one at IRRI research farm in Los favorable rainfed lowland rice systems (Table 2) . These Bañ os and the other at the research farm of the Philipcultivars were named in an "IR" series until 1988, after pine Rice Research Institute (PhilRice) in Maligaya. which they have been designated as Philippine Seed Key growth parameters, yield, and yield components Board Rice (PSBRc) cultivars. These cultivars and their were measured. Regression of yield versus year of rederivatives have been widely grown in South and Southlease indicated an annual gain in rice yield of 75 kg east Asia and account for more than 80% of total rice ha Ϫ1 , equivalent to about 1% increase in yield per year production in this region (Khush, 1990) .
based on the yield of IR8 (Fig. 1 ). The highest yields In the late 1960s and early 1970s, yield of 9 to 10 Mg obtained with the most recently released cultivars was ha Ϫ1 was often reported for IR8 and other early IRRI 9 to 10 Mg ha Ϫ1 , which is equivalent to the yields obcultivars under favorable irrigated conditions in the tained with IR8 and other IRRI cultivars in field studies Philippines (De Datta et al., 1968; Chandler, 1969; Yos- conducted in the late 1960s and early 1970s at these hida and Parao, 1972) . Today, the maximum yield obsame sites. tained with the newly released cultivars under the best To confirm the results of Fig. 1 , Peng et al. (unpubcrop management practices is also in the 9 to 10 Mg lished) planted IR8 and IR72 under four levels of N in ha Ϫ1 range, and these yield levels are often achieved in the 1998 DS. The maximum yield produced by IR8 was agronomic trials conducted at the experimental station 7.2 Mg ha Ϫ1 at the N rate of 200 kg ha Ϫ1 . In contrast, farms (Kropff et al., 1993; Peng et al., 1996) . This sug-IR8 produced 9.6 Mg ha Ϫ1 in the late 1960s at the N rate gests that yield potential of indica inbred cultivars has of 120 kg ha Ϫ1 at the same site (Fig. 2) . The difference in not changed during the past 30 yr. The yield plateau is yield of IR8 then and now appears to be the result of also evident in the yield records from several long-term a reduction in grain filling percentage when IR8 is grown experiments in which the most recent elite rice genoin today's environment ( Fig. 3) . Therefore, the annual types have been continually substituted for older cultiincrease in yield estimated in the 1996 field study ( 2) might not represent genetic gain in yield potential. (Flinn et al., 1982; Cassman et al., 1995) .
Because the older cultivars have longer growth dura-Another way to compare the yield potential of a histion than the more recent cultivars and the yield potentorical time series of cultivars is to grow them simultanetial has not changed, there has been an increase in proously under the same conditions. Peng et al. (2000) ductivity per day. Although the empirical breeding of selected 11 indica inbred cultivars and lines developed indica inbred cultivars in the past three decades has not by IRRI and one cultivar developed by the Bureau of improved rice yield potential, there have been important Plant Industry, Department of Agriculture, Philippines.
contributions to disease and insect resistance and yield The older cultivars were chosen because of the large stability. If IR8 had still been planted in the major rice area planted to each during different periods of the past growing areas of South and Southeast Asia, rice produc-30 yr. The more recent cultivars and advanced lines tion in these areas would be reduced by as much as 20% were selected because of their superior performance in yield trials at IRRI and in the Philippine national because of the reduction in grain yield of IR8. IR5  1967  IR36  1976  IR54  1980  IR74  1988  IR8  1966  IR38  1976  IR56  1982  PSBRc2  1991  IR20  1969  IR40  1977  IR58  1983  PSBRc4  1991  IR22  1969  IR42  1977  IR60  1983  PSBRc10  1992  IR24  1971  IR43  1978  IR62  1984  PSBRc18  1994  IR26  1973  IR44  1978  IR64  1985  PSBRc20  1994  IR28  1974  IR45  1978  IR65  1985  PSBRc28  1995  IR29  1974  IR46  1978  IR66  1987  PSBRc30  1995  IR30  1974  IR48  1979  IR68  1988  PSBRc52  1997  IR32  1975  IR50  1979  IR70  1988  PSBRc54  1997  IR34  1975  IR52  1980  IR72  1988  PSBRc64 tion targets in most cereal breeding programs (Rasmusson, 1991).
Status of New Plant Type Breeding
In the late 1980s, it was postulated that the stagnant yield potential of semidwarf indica inbred rice cultivars Donald (1968) proposed the ideotype approach to might be the result of the plant type common to all plant breeding. In this approach, a plant type is defined of this germplasm. The "IR" cultivars produce a large which is theoretically more efficient than existing cultinumber of unproductive tillers and have excessive leaf vars on the basis of knowledge of physiology and morarea which may cause mutual shading and a reduction phology. Breeders then begin to select directly for the in canopy photosynthesis and sink size, especially when grown under direct-seeded conditions (Dingkuhn et al., 1991) . Most of these cultivars have high tillering capacity and small panicles. A large number of unproductive tillers, limited sink size, and lodging susceptibility were identified as the major constraints to increased yield potential in these cultivars. Simulation models predicted that a 25% increase in yield potential was possible by modification of the following traits of the current plant type (Dingkuhn et al., 1991) : (i) enhanced leaf growth combined with reduced tillering during early vegetative growth, (ii) reduced leaf growth and greater foliar N concentration during late vegetative and reproductive growth, (iii) a steeper slope of the vertical N concentration gradient in the leaf canopy with a greater proportion of total leaf N in the upper leaves, (iv) increased carbohydrate storage capacity in stems, and (v) a greater reproductive sink capacity and an extended grain-filling period. plant type. Although several crop physiologists pro- when about 2000 entries from the IRRI germplasm bank were grown during the dry and wet seasons (WS) to transport (S. Akita, 1997, personal communication) , and identify donors for the desired traits (Khush, 1995) .
History of Breeding for New Plant Type
source limitation due to early leaf senescence (Ladha Donors for low tillering trait, large panicles, thick stems, et al., 1998). vigorous root system, and short stature were identified in the "bulu" or javanica germplasm mainly from Indo-Further Improvement of New Plant Type Lines nesia. This germplasm is now referred to as the tropical japonica (Khush, 1995) . Hybridization was initiated in
The improvement of the NPT germplasm focuses on the 1990 DS. The F 1 progenies were grown in the 1990 increasing grain filling percentage and greater biomass WS, F 2 progenies in the 1991 DS, and the first pedigree production. Improved disease and insect resistance is nursery in the 1991 WS. Since then, more than 2000 needed as well. In a recent field study, the grain filling crosses were made, 100 000 pedigree lines were proof some parents of NPT lines was measured. A wide duced, and breeding lines with the desired morphologirange in the percentages of filled and half-filled spikelets cal ideotype traits were selected. At present, about 500 was found among the parents, and this variation was NPT lines have been evaluated in observational yield not correlated with spikelet number per panicle (Table  trials. 4). Perhaps more importantly, there was an indication that the grain filling percentage of the NPT lines was related to that of their parents (data not shown). Be-Initial Evaluation of New Plant Type Lines cause a grain filling limitation was not thought to be a The tropical japonicas were developed into NPT lines constraint when the initial NPT crosses were made, it in less than 5 yr. They were grown in a replicated obserwas not considered in selecting parents. In subsequent vational trial for the first time in the 1993 WS and the crosses, only parents with good grain filling characterischaracteristics of the NPT were compared with conventics and large panicles were selected. As a result, some tional inbred indica cultivars (Peng et al., 1994) . Their NPT lines produced higher yields than the IR72 check morphophysiological traits and yield potential have in the observational trials in the 1998 DS and 1998 WS been evaluated more rigorously since then in a number (Table 5) . of locations and with various crop management prac-
The introduction of traits from indica cultivars into tices (Khush and Peng, 1996) . Optimum nitrogen man-NPT lines has also been initiated to broaden the genetic agement is most important for the full expression of background of the NPT germplasm and to refine the yield potential in rice cultivars. The NPT lines and check cultivars were grown under various rates and timings ciency at any growth stage (Khush and Peng, 1996) . As intended, the NPT lines have large panicles, few Ϯ 3.8 13.0 Ϯ 1.8 21.8 Ϯ 3.6 142 Ϯ 9 biomass production is also associated with poor grain 61.4 Ϯ 3.3 20.0 Ϯ 1.2 18.6 Ϯ 2.4 128 Ϯ 10 filling, but the cause-and-effect relationship has not 2.6 29.9 Ϯ 2.1 32.8 Ϯ 1.4 109 Ϯ 3 probably due to lack of apical dominance within a pani- cle (Yamagishi et al., 1996) , compact arrangement of 2.2 37.9 Ϯ 0.8 43.2 Ϯ 1.8 133 Ϯ 20 spikelets on the panicle (Khush and Peng, 1996) , a lim- † Mean Ϯ standard error of the mean.
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ited number of large vascular bundles for assimilate Ϯ 0.1  IR69093-41-2-3-2 8.45 Ϯ 0.03 222 Ϯ 3 186 Ϯ 6 41. 2 Ϯ 0.7  77.8 Ϯ 1.6  23.3 Ϯ 0.0  IR68552-100-1-2-2 8.38 Ϯ 0.10 234 Ϯ 2 166 Ϯ 1 38.9 Ϯ 0.7 84. 2 Ϯ 1.9  24.9 Ϯ 0.1  IR69853-70-3-1-1  8. original ideotype design. Multiple site-year comparisons Vietnam are planning to plant about 2 million and 500 000 ha, respectively, with hybrid rices. of NPT lines with highest yielding indica cultivars have shown that the original NPT design did not have suffi-Although hybrid rices clearly produce higher yields under on-farm conditions than indica inbred cultivars, cient tillering capacity. An increase in tillering capacity was needed to increase biomass production and to im-a key issue is whether hybrid rice increases rice yield potential in tropical environments. Several rice hybrids prove compensation when tillers are lost to insect damage or other causes during the vegetative stage. A and indica inbred cultivars and lines were grown in four irrigated field experiments at IRRI and PhilRice re-slightly smaller panicle size without change in panicle length also appeared to be advantageous to reduce the search farms in the 1996 DS and 1997 DS. The crop management practices used in these studies were se-compact arrangement of spikelets. Plant height is being increased by 10% with the hope that a taller stature lected to minimize all possible stresses to achieve maximum possible yield levels. The mean maximum yield allows greater biomass production without a decrease in lodging resistance. Other refinements in NPT traits across the four experiments was 9.9 Ϯ 0.3 Mg ha Ϫ1 (mean Ϯ SD) for inbreds and 10.8 Ϯ 0.4 Mg ha Ϫ1 for are also used as selection criteria including low panicle the hybrids (Fig. 4) . These results suggest an increase height within a canopy (Setter et al., 1995) and high in yield potential of indica hybrids of about 9% combiomass at flowering. Some advanced NPT ϫ indica pared with the best indica inbred cultivars under tropical lines (F 5 generation) with the above refinements have conditions. The higher yield potential of indica/indica now been selected and were planted in a replicated hybrids compared with indica inbred cultivars was atobservation trial for the first time in the 1998 WS. Indica tributed to the greater biomass production rather than germplasm can also help improve other NPT attributes harvest index. Total dry matter at harvest of the hybrids such as grain quality and disease and insect resistance.
at IRRI and PhilRice was 10 to 17% higher than that of inbred cultivar IR72 (data not shown).
Increasing Yield Potential with Hybrid Rice
In the rice literature, the yield advantage of hybrid Hybrid rices have been grown in China since 1976.
rice has been attributed to greater dry matter produc-More than 50% of China's rice area is now planted to tion, which results from higher leaf area index (LAI) rice hybrids , which have a mean yield and a greater crop growth rate, and an increased harvest advantage of about 15% over the best inbred cultivars index, which results from greater spikelet number and . In the late 1970s, these Chinese rice hysometimes an increase in single grain weight (Ponnuthbrids were evaluated in tropical lowland environments urai et al., 1984; Akita et al., 1986; Agata, 1990; Song et al., 1990a; Patnaik et al., 1991; Peng et al., 1996) . The of Southeast Asia. They were poorly adapted and susceptible to diseases and insects (Virmani et al., 1982) .
reasons for the greater biomass and yield potential of hybrid rice are (i) an increased growth rate during early In 1978, IRRI began to develop hybrids for the tropical lowlands (Khush, 1995) . In the past 5 yr, some hybrid vegetative stages as a result of rapid expansion of leaf area and greater tiller number (Kabaki, 1993 ; Yamauchi, rices developed at IRRI have shown a yield advantage of about 15% compared to the best inbred cultivars 1994), (ii) more efficient sink formation relative to the rate of dry matter accumulation that results in both when grown in farmers' fields. Recently, commercialization of hybrid rice has been initiated in India, Vietnam, greater biomass and larger panicles at flowering stage (Cao et al., 1980; Kabaki, 1993) , and (iii) a relative and the Philippines . About 50 000 and 80 000 ha were planted with hybrids in 1996 in India high grain filling percentage despite the large number of spikelets (Yan, 1988; Song et al., 1990a) . The latter and Vietnam, respectively. By the year 2000, India and therefore contribute to the observed heterosis in biomass production and grain yield.
Almost all rice hybrids grown in China and those (Khush, 1995) . The magnitude of heterosis defarm in the dry season of 1996 with IR68284H (hybrid) and IR72 pends on the genetic diversity between the two parents.
(inbred). Exp II was conducted at PhilRice farm in the dry season
The greater the genetic difference between the parents, japonica germplasms have remained distinct as there has been little gene flow between these two groups. As hybrid trait was associated with greater amounts of expected, hybrids made from crosses between indica stored carbohydrate reserves translocated from the and japonica had greater heterosis for yield than did culm and sheath to the spikelets and an increased LAI indica/indica hybrids (Yuan et al., 1989) . The major during the ripening period than for inbred cultivars limitation of indica/temperate japonica hybrids is the (Yan, 1981; Song et al., 1990a) . Song et al. (1990b) also poor grain filling (Zhu et al., 1997) , however. The NPT observed that non-structural carbohydrate content in development program was based solely on use of tropithe culm and sheath was greater in hybrid than incal japonica germplasm so that improved lines could also bred rices.
be used for producing indica/tropical japonica hybrids. Although the growth and development processes as-Hybrids between indica cultivars and the NPT tropical sociated with the yield potential advantage of hybrid japonicas are presently under evaluation at IRRI. Prerice have been identified, the physiological basis for this liminary results show that the level of heterosis in the heterosis remains unknown. Single-leaf photosynthesis indica/tropical japonica hybrid is higher than that of was measured in several studies to determine whether indica/indica hybrids (Virmani, unpublished) , and the differences in net assimilation rates contributed to the grain filling of indica/tropical japonica hybrid was better increased growth rate of hybrid rice, but the results have than the NPT lines. Utilization of NPT tropical japonica not been consistent (Akita, 1988) . At IRRI, single-leaf may provide an avenue to improve the poor grain filling photosynthetic rates of hybrid IR64616H and the inbred of intersubspecific hybrid rice. cultivar IR72 were measured in the 1993 DS. The hybrid did not have a higher single-leaf photosynthetic rate Conclusions than the inbred at anytime during the growing season (Table 6 ). In fact, the hybrid had a lower single-leaf Empirical breeding for population improvement has photosynthetic rate during vegetative and grain filling resulted in the maintenance of rice yield potential in phases because of lower leaf N concentration than in the tropics of about 10 Mg ha Ϫ1 . The most recently developed cultivars such as IR72 and PSBRc52 have a the inbred cultivar. Sinclair and Horie (1989) compared leaf N concentration, single-leaf photosynthetic rate, yield potential in this range (Fig. 5) . The maximum yield of IR8 has been reduced by about 2 Mg ha Ϫ1 during the LAI, and crop biomass production among rice, soybean [Glycine max (L.) Merr.], and maize. They argued that past 30 yr, which indicates the importance of maintenance breeding. Utilization of heterosis and modifica-crop species with a lower N concentration but equivalent total leaf N will have a greater LAI and biomass accumu-tion of plant type are the primary strategies now being used to increase the yield potential of irrigated lowland lation. The greater LAI and lower leaf N concentration of the hybrid is consistent with this hypothesis and might rice in the tropics. Intervarietal hybrid rice between
